Several novel (sub)families of SINEs were isolated from the genomes of cetaceans and artiodactyls, and their sequences were determined. From comparisons of diagnostic nucleotides among the short interspersed repetitive elements (SINEs) in these (sub)families, we were able to draw the following conclusions. (1) After the divergence of the suborder Tylopoda (camels), the CHRS family of SINEs was newly created from tRNA Glu in a common ancestor of the lineages of the Suina (pigs and peccaries), Ruminantia (cows and deer), and Cetacea (whales and dolphins). (2) After divergence of the Suina lineage, the CHR-1 SINE and the CHR-2 SINE were generated successively in a common ancestor of ruminants, hippopotamuses, and cetaceans. (3) In the Ruminantia lineage, the Bov-tA SINE was generated by recombination between the CHR-2 SINE and Bov-A. (4) In the Suina lineage, the CHRS-S SINE was generated from the CHRS SINE. (5) In this latter lineage, the PRE-1 family of SINEs was created by insertion of part of the gene for tRNA Arg into the 5Ј region of the CHRS-S family. The distribution of a particular family of SINEs among species of artiodactyls and cetaceans confirmed the most recent conclusion for paraphyly of the order Artiodactyla. The present study also revealed that a newly created tRNA Glu -derived family of SINEs was subjected both to recombination with different units and to duplication of an internal sequence within a SINE unit to generate, during evolution, a huge superfamily of tRNA Glu -related families of SINEs that are now found in the genomes of artiodactyls and cetaceans.
Introduction
The reverse flow of genetic information from RNA back into DNA is known as retroposition, and such transposed elements are known as retroposons (Rogers 1985; Weiner, Deininger, and Efstratiadis 1986) . Retroposons include short interspersed repetitive elements (SINEs), long interspersed repetitive elements (LINEs), processed retropseudogenes, and long-terminal-repeattype (LTR-type) retrotransposons, and together they are considered to constitute a large fraction of most eukaryote genomes (Singer 1982; Singer and Berg 1991) . The majority of retroposons are thought to be parasitic. However, there are many examples of the acquisition of novel functions by retroposons (Brosius 1991) . For example, some have acquired roles as regulatory elements and become part of a promoter or the polyadenylation signal for an mRNA, and some are transcribed and translated into amino acids as parts of proteins (Makalowski, Mitchell, and Labuda 1994; Makalowski 1995; Britten 1996; Shimamura et al. 1998; Takahashi et al. 1998) . Retroposition seems to be a major evolutionary force that has contributed to the remarkable diversity of eukaryotic genomes (Weiner, Deininger, and Efstratiadis 1986; Singer and Berg 1991) .
SINEs are often found at more than 10 4 copies per genome in multicellular animals from invertebrates to mammals (Okada 1991a (Okada , 1991b ; Schmid and Maraiafrom tRNAs (Okada 1991a (Okada , 1991b Okada and Ohshima 1995; Shedlock and Okada 1999) , with the exception of the primate Alu and rodent B1 SINEs, which originated from 7SL RNA (Weiner 1980; Ullu and Tschudi 1984) .
tRNA-derived SINEs consist of three regions: a tRNA-related region, a tRNA-unrelated region, and an AT-rich region. The tRNA-unrelated region can be further divided into two parts, namely a 5Ј half and a 3Ј half, the latter being derived from the 3Ј tail of a LINE sequence (see below). Since all SINEs include internal promoters for RNA polymerase III (Okada 1991a (Okada , 1991b Okada and Ohshima 1995) , their transcription is essentially independent of the regions that flank their sites of insertion. The source of the reverse transcriptase (RTase) responsible for the synthesis of the complementary DNA in the reverse transcription of SINE transcripts was unknown for many years. However, we recently proposed that a SINE might be reverse-transcribed by the RTase that is encoded by a partner LINE that already exists in the genome. This hypothesis is based on the discovery that the 3Ј tail sequences of SINEs are almost identical to those of LINEs in several species (Ohshima et al. 1996; . Examples of such pairs of SINEs and LINEs are the Bov-B LINE and Bov-tA in artiodactyl ruminants, tortoise Pol III/SINE and the CR1 LINE in turtles, MIR SINEs and LINE2 in mammals, and HpaI SINEs and the RSg-1 LINE in salmonids. It is reasonable to speculate that most LINEs have the ability to provide their 3Ј tail sequences for the creation of partner SINEs during evolution .
Cetaceans, namely whales, dolphins, and porpoises, are mammals that are adapted to a fully aquatic existence, and it was initially proposed that they might be evolutionarily related to ungulates such as artiodactyls (camels, pigs, cows) and perissodactyls (horses) (Prothero, Manning, and Fischer 1988; Berta 1994; Gingerich et al. 1994; Thewissen, Hussain, and Arif 1994) . Grad- ually, paleontologists, morphologists, and molecular phylogeneticists reached a consensus that cetaceans are more closely related to artiodactyls than to other ungulates (Gingerich, Smith, and Simons 1990; Milinkovitch, Orti, and Meyer 1993; Thewissen and Hussain 1993) . Furthermore, several groups, including ours, suggested recently that cetaceans might be more deeply embedded within artiodactyls (Graur and Higgins 1994; Irwin and Arnason 1994; Gatesy et al. 1996; Smith et al. 1996; Shimamura et al. 1997) .
We identified two tRNA-derived families of SINEs in the genomes of whales and examined the distribution of these SINEs in cetaceans and other ungulates (Shimamura et al. 1997 ). To our surprise, dot blot hybridization, with each SINE sequence as probe, revealed that these SINEs are distributed specifically among cetaceans, hippopotamuses, and ruminants. We designated the two families of SINEs the CHR-1 family (Cetacea, Hippopotamidae, and Ruminantia) and the CHR-2 family (Shimamura et al. 1997) , respectively. In this report, we characterize the evolutionarily parental family of SINEs, namely the CHRS family, and describe the genealogical relationships among almost all the families of SINEs present in the genomes of artiodactyls and cetaceans. In our efforts to complete these phylogenetic relationships, we also included the Bov-tA SINE of ruminants and the PRE-1 family of SINEs in pigs.
Materials and Methods

Extraction of DNA
Total genomic DNA of each animal was extracted as described by Blin and Stafford (1976) . The species analyzed and their geographic sources are shown in table 1.
Construction and Screening of Genomic Libraries, Subcloning, and Sequencing Genomic libraries were constructed by ligation of lambda gt10 arms with genomic DNA from the shortfinned pilot whale (Globicephala macrorhynchus), the sperm whale (Physeter macrocephalus), hippopotamus (Hippopotamus amphibius), and cow (Bos taurus) that had been completely digested with EcoRI. Cloned DNA was isolated from these species and named according to the first letter of the genus and the first letter of the species. Thus, for example, GM refers to DNA from Globicephala macrorhynchus. A library of fragments from the short-finned pilot whale (GM) was screened for CHR-1 type I with [␣-32 P]dCTP-labeled PM(1-I)53 as probe. An oligonucleotide was prepared for screening for type II and type III from the PM and GM libraries (table 2). Clones containing CHR-2 were isolated first with an RNA probe, i.e., labeled in vitro transcripts from the total genomic DNA of sperm whales (Manley et al. 1980) . After isolation of the PM(2)14 clone, we used this probe for screening. The inserts of positive phage clones were subcloned in the pUC vector and then sequenced by the dideoxy chain termination method (Sanger, Nicklen, and Coulson 1977) .
Computer Search for Members of the CHR-1, CHR-2, CHRS, and CHRS-S Families CHR-1 sequences in the EMBL database without EST (expression sequence tag) were found by a homology search with the BLASTN program (Altschul et al. 1990 ) using random poly(A)-associated sequences of the sperm whale as query sequences. Sequences of members of the CHRS-S family were also found with a homology search using the poly(A)-associated sequences of the pig. CHR-2 sequences were identified using base pairs 1-321 of the CHR-2 sequence as probe.
Dot Blot Analysis
Progressively decreasing amounts of total genomic DNA (1 g, 500 ng, and 100 ng) from individuals of several species were dotted onto a GeneScreen Plus membrane (Du Pont-NEN Products, Boston, Mass.) with a dot-blotting apparatus (model DP-96,, Advantec, Tokyo). In one case, progressively decreasing amounts of cloned DNA (100 ng, 20 ng, and 4 ng) that contained a member of each SINE or LINE family were dotted onto the membrane as a control.
Probes representing the CHR-1 type I, CHR-2, and CHRS families were prepared as follows. A fragment of DNA was amplified by the polymerase chain reaction (PCR) from each cloned DNA using as primers the sequences indicated in table 2. Fragments were isolated by electrophoresis in 3% Nusieve GTG agarose (FMC BioProducts, Rockland, Maine). Bands of products were cut from the gel, and DNA fragments were purified with Ultrafree-C3HV (Nihon Millipore, Tokyo). The DNA fragments corresponding to CHR-1 and CHRS were labeled at their 5Ј ends with [␥-32 P]ATP. The DNA fragment corresponding to CHR-2 was labeled internally in vitro using the same primers and [␣-32 P]dCTP. Seven oligonucleotides that were used as probes (table 2) were all labeled at their 5Ј ends with [␥-32 P]ATP.
Hybridization was performed in 10 ml of a solution that contained 6 ϫ SSC, 1% SDS, 2 ϫ Denhardt's solution, and 100 mg of herring DNA at 42ЊC overnight. For CHR-1 type I, CHR-2, and CHRS, washing was performed with a solution of 2 ϫ SSC and 1% SDS for 2 h at 70ЊC. In the case of oligonucleotide probes, washing was performed with this same solution for 2 h at 50ЊC (Murata et al. 1993 ).
Cloning and Sequencing of Products of PCR
The CHRS SINEs were amplified by PCR from the genomic DNA of the pig, with the sequences of nucleotides from positions 3-21 and 85-109 in the consensus sequence of CHR-1 type I as primers. The reaction mixture for amplification by PCR contained TAQ buffer (Takara, Shiga, Japan), 2.5 mM MgCl 2 , 0.2 mM dNTPs, 50 ng of each primer, 200 ng of pig genomic DNA, and 1 U of Taq DNA polymerase (Takara) in a final volume of 50 l. Each reaction was performed under the following conditions: 30 cycles of 93ЊC for 1 min, 50ЊC for 1 min, and 72ЊC for 1 min. The product of PCR was subcloned in the pT7 vector and sequenced by the dideoxy chain termination method (Sanger, Nicklen, and Coulson 1977) .
Results and Discussion
Characterization of the CHR-1 Family of SINEs During screening of repetitive sequences from the genome of the sperm whale, we identified a novel SINE sequence in the cloned DNA of PM(1-I)53. We searched for similar sequences in the EMBL database and found many members of this family in the genomes of the cow and the sheep. A dot hybridization experiment showed that members of this family are widely distributed among cetaceans, hippopotamuses, and ruminants (see below), and this family was therefore designated the CHR-1 (Cetacea, Hippopotamidae, and Ruminantia) SINE (Shimamura et al. 1997) . Using this sequence as a probe, we isolated and determined the sequences of 16 clones from libraries of the sperm whale (clones designated PM1-I, PM1-II, and PM1-III) and the shortfinned pilot whale (GM1-I, GM1-II, and GM1-III), in which ''1'' refers to the CHR-1 family, and ''I,'' ''II,'' and ''III'' refer to the type I, type II, and type III subfamilies (see below), respectively. Figure 1 shows an alignment of the various sequences that we determined, as well as those collected from the database as representatives of each type.
The amplification of SINEs during the evolution of the genomes of host species has been studied by analyzing distinct subfamilies within the Alu family in primates (Slagel et al. 1987; Willard, Nguyen, and Schmid 1987; Britten et al. 1988; Jurka and Smith 1988; Quentin 1988; Jurka and Milosavljevic 1991) , the B1 family in rodents (Quentin 1989) , and the HpaI family in salmonid fishes (Kido et al. 1994; Takasaki et al. 1994) . Subfamilies can be defined by the presence of diagnostic nucleotides, namely a set of specific nucleotides that are different from those of a general-consensus sequence.
The CHR-1 family can be divided into three distinct subfamilies, the type I, type II, and type III subfamilies, according to the distribution of various diagnostic nucleotides. A consensus sequence was deduced from the sequences of CHR-1 type I and is shown in the top line of figure 1. The consensus sequences of both the type I and type II subfamilies consist of 109 nt, and each is associated with an AT-rich sequence of 20-30 nt at the 3Ј end. Compared with types I and II, type III has an additional sequence in the tRNA-unrelated region that can be divided into two parts, designated Un-1 and Un-2, respectively, as indicated by arrows in figure 1. The Un-1 consensus sequence contains 16 nt, while Un-2 sequences are more divergent and might be the results of the duplication or triplication of a unit of the former 16-nt sequence. Several members of the CHR-1 family (especially the type I members) no longer retain direct repeats that flank the unit of SINE because of the accumulation of point mutations. In fact, direct repeats of SINEs of loci for BTATPAAA-228, BTATPAAA-792, Eleven GM clones and five PM clones were isolated from the short-finned pilot whale and the sperm whale, respectively. All of the CHR-1 sequences from ruminants were collected from the EMBL database, and the name of each sequence is derived from the designation in the database. The DDBJ/EMBL/GenBank accession numbers of the new sequences reported here are AB010582-AB010597 and AB011581-AB011594. BTATPAAA contains two sequences, namely BTATPAAA-228 and BTATPAAA-792. Nucleotides are numbered from the 5Ј terminus of the consensus sequence of type I, which was aligned with human tRNA Glu . Asterisks indicate nucleotides common to the human tRNA Glu and type I. Plus signs indicate variations in sequences for methylation. Dots indicate nucleotides identical to those in the consensus sequence of type I. Gaps have been introduced to maximize homology. Putative direct repeats are indicated by bold letters and underlining. Diagnostic nucleotides are highlighted. The Un-1 region of type III is highlighted, and the Un-1 and Un-2 regions are indicated by thick arrows. and BTPGHA3 could be identified only by the alignment of several orthologous loci from species other than that from which the locus was first isolated and analyzed (Shimamura et al. 1997 ; data not shown). This phenomenon probably reflects the ancient lineage of this family.
In comparison with type I, types II and III have several diagnostic sites at positions 5, 28, 41, 48, 50, and 93 in common. One deletion at position 83 and two T's in the AT-rich region are almost entirely specific to the type III subfamily. Several diagnostic nucleotides, which appear to be predominantly present in type II and/ or type III, are also dispersed in some sequences of the type I subfamily ( fig. 1 ). For example, 3 nt in BTHYR14 and 4 nt in GM(1-I)21, both of which were classified as members of the type I subfamily, are diagnostic for type II. These two sequences appear to represent intermediates between type I and type II.
The tRNA-related region of CHR-1 resembles human tRNA Glu (underlined in fig. 1 ). Since most direct repeats of type I cannot be recognized, type I appears to be oldest among the three types. Therefore, we tentatively propose that type I might have appeared first, and then type II was generated. Finally, type III was generated, perhaps by insertion of Un-1 and the subsequent duplication or triplication of this region. Our proposal is only tentative, since the differences between the consensus sequence of each subfamily and tRNA Glu are very small and, moreover, since all three subfamilies are commonly distributed in the genomes of cetaceans, hippopotamuses, and ruminants (see below). These three →   FIG. 2. -Compilation of sequences of 16 members of the CHR-2 family of SINEs from the sperm whale and the cow. Nine PM clones and five BT clones were isolated from the sperm whale and cow, respectively. BTP45C21 and BTSVSP109 were taken from the EMBL database, and their names are derived from the designations in the database. The DDBJ/EMBL/GenBank accession numbers of the new sequences reported here are AB011581-AB011594. The consensus sequence on the top line was deduced from the sequences of 30 members of the CHR-2 family that had been cloned from three species of cetaceans (sperm whale, minke whale, and humpback whale; not shown) in addition to the sequences shown here. Nucleotides are numbered from the 5Ј terminus of the consensus sequence. The tRNA-related region is underlined. Flanking direct repeats are underlined, and identical nucleotides are indicated by bold letters. Duplicated regions of 22-25 nt are boxed in the consensus sequence, and partially related sequences are underlined by closely spaced dots. Dots within sequences indicate nucleotides that are identical to those in the consensus sequence. Dashes indicate gaps that were introduced to improve the alignment. subfamilies might have appeared successively within a short period in a common ancestor of these three lineages.
Characterization of the CHR-2 Family
Using labeled in vitro transcripts from the total genomic DNA of the sperm whale as probe, we isolated members of a new family of SINEs (Shimamura et al. 1997) . This family was shown to be distributed among cetaceans, hippopotamuses, and ruminants, as was the CHR-1 family (see below). We designated this family the CHR-2 family of SINEs. Members of this family were also isolated from genomic libraries of the cow and hippopotamus with CHR-2 DNA as probe. In addition, two bovine sequences which were typical of the CHR-2 family were found in the EMBL database. An alignment of 16 CHR-2 sequences is shown in figure 2 . Most members of this family have obvious direct repeats at their 5Ј and 3Ј ends, features that suggest that these members might have been amplified rather recently relative to those of the CHR-1 family. The consensus sequence of the family is 321 nt long, and more than half of the sequence is the result of internal duplications of a region of 22-25 nt, in particular, from nucleotide 111 to nucleotide 191 and from nucleotide 207 to nucleotide 316 (boxed nucleotides in fig. 2 ). The numbers of these repeated units varied among clones. CHR-1 type II, CHR-1 type III, and CHR-2 share several diagnostic nucleotides, e.g., the nucleotides at positions 5, 28, 41, 44, 48, and 93 ( fig. 3) . Moreover, the Un-1 sequence of 16 nt ( fig. 3) , which is part of the 22-25-bp repeat mentioned above, was found both in CHR-1 type III and in CHR-2 ( fig. 3) . Therefore, we can reasonably assume that CHR-2 was derived from CHR-1 type III. The consensus sequence of CHR-2 from nucleotide 6 to nucleotide 77 appears to be a tRNA-related region (underlined in fig. 2 ). It is much less homologous to tRNA Glu than is any type of CHR-1 sequence, confirming the evolutionarily young age of the CHR-2 family.
Evolutionary Relationships Among the CHR-1, CHR-2, and Bov-tA Families Bov-tA, a well-characterized tRNA-derived family of SINEs, is distributed only among ruminants. The sequence of Bov-tA can be divided into two parts: one is derived from a tRNA and designated the T region, and the other is Bov-A ( fig. 3 ), a dimeric form of which constitutes another repetitive family in the genomes of ruminants, namely Bov-A2 (Okada and Hamada 1997). When we aligned five sequences of Bov-tA with those of CHR-1 and CHR-2, we found that these sequences shared several diagnostic nucleotides in the tRNA-related region (positions 7-82 in fig. 3 ). In particular, nucleotides at positions 37 and 53, as well as deletion of nucleotides 80-83, were specifically found in CHR-2 and Bov-tA, suggesting a close evolutionary relationship between these two families of SINEs. Moreover, six nucleotides in the tRNA-unrelated region (GATCCC; positions 84-89), located adjacent to the tRNA-related region, were common to both families of SINEs. All of these data strongly suggest that the tRNArelated region, plus 6 nt in the tRNA-unrelated region of CHR-2, might have been the direct precursor of the T region of the Bov-tA SINE. Therefore, the previous identification of tRNA Gly as the parental tRNA of bovine 73-bp repeats, which are identical to the T region of the Bov-tA, was a mistake (Sakamoto and Okada 1985) which was due to the strong resemblance between the sequences of the respective tRNAs. Since Bov-tA SINEs are present exclusively in artiodactyl ruminants (Lenstra et al. 1993 ; see below), the generation of Bov-tA from CHR-2 must have occurred in a common ancestor of ruminants .
Characterization of the CHRS Family
A dot hybridization experiment performed with the CHR-1 type I subfamily as probe under stringent conditions failed to reveal the presence of CHR-1 in the pig genome (see below). To examine whether or not even a small number of copies of sequences related to the CHR-1 family might exist in the pig genome, we performed PCR using primers designed to detect the CHR-1 family. We obtained a DNA fragment of a length very similar to that of fragments amplified similarly from cetaceans, ruminants, and hippopotamuses. We isolated this DNA fragment and determined several sequences of the cloned DNA. We aligned these sequences with those of CHR-1 (pig 1, 5, 9, and 10 in fig. 4 ). Overall, these sequences were similar to those of CHR-1, but they contain four diagnostic nucleotides and the deletion of one nucleotide in common which are distinct from CHR-1 type I (nucleotide positions 34, 50, 53, 56, and 82; fig.  4 ). Sequences that contained the same diagnostic nucleotides were found in the DNA clones of the sperm whale (PM(CHRS)7 in fig. 4 ) and in the pig (SSCYP1 in fig.  4 ) that we examined. The tRNA-related region of this SINE family was almost identical to tRNA Glu and was apparently more similar to tRNA Glu than that of CHR-1 type I (fig. 4) . These sequences must have appeared in a common ancestor of cetaceans, hippopotamuses, ruminants, and suiforms. Therefore, they were designated the CHRS (Cetacea, Hippopotamidae, Ruminantia, and Suina) family of SINEs.
Characterization of the CHRS-S Family
A computer search of the EMBL database identified sequences in the pig genome that are related to, but distinct from, the CHRS family of SINEs. Figure 4 shows 13 sequences that are relatively similar. These sequences have several diagnostic nucleotides and a single-nucleotide deletion in common (nucleotide positions 5, 34, 50, 53, and 56), and these features are shared with the CHRS family. These observations confirm the genealogical relatedness of this family to the CHRS family of SINEs. Compared with the CHRS family, however, they and the PRE-1 family have several other diagnostic nucleotides (figs. 4 and 5), in addition to the insertion and deletion of nucleotides that are specific to this particular group (nucleotide positions 17, 32, 38, 40, 54, 72, 87, and 93 , insertions between 24 and 25 and between 27 and 28, and a deletion between 82 and 86). None of the latter diagnostic nucleotides are found in CHR-1 type I, CHR-1 type II, CHR-1 type III, or CHR-2. Since these sequences are specific to the pig genome (see below), we designated them the CHRS-S (CHRSswine) family. At least three subfamilies appear in the CHRS-S family, namely CHRS-S1, CHRS-S2, and CHRS-S3 (fig. 4) . The S1 subfamily is structurally the most similar to the CHRS family, while the S2 and S3 subfamilies have additional regions of duplicated and triplicated sequences of 18 nt, respectively, in the tRNArelated region (arrows in fig. 4 ).
The PRE-1 Family Was Generated by Insertion of a Gene for tRNA Arg into the CHRS-S Family
The PRE-1 family of SINEs in the pig genome was previously characterized as having been derived from tRNA Arg (Singer, Parent, and Ehrlich 1987; Takahashi, Awata, and Yasue 1992) . The PRE-1 family consists of a consensus sequence of 223 nt and an AT-rich region (Takahashi, Awata, and Yasue 1992) . When we aligned the sequences of CHR-1 type I, CHRS, CHRS-S, and PRE-1 ( fig. 5 ), we noticed that 11 diagnostic nucleotides were specifically shared by the PRE-1 and CHRS-S families (nucleotide positions 17, 32, 38, 40, 54, 72, 87, and 93 , insertions between 24 and 25 and between 27 and 28 and a deletion between 82 and 86). From these SINEs in Cetaceans and Artiodactyls 1053 FIG. 4.-An alignment of representative sequences of the CHRS and CHRS-S families, with the sequence of human tRNA Glu and the consensus sequence of CHR-1 type I. Nucleotides are numbered from the 5Ј terminus. Dots indicate nucleotides that are identical to those in the consensus sequence. Dashes indicate gaps that were introduced to improve the alignment. Thirteen sequences of the CHRS-S family were collected from the EMBL database. Their names are derived from the respective designations in the database. SSRYRA-148 and SSRYRA-226 were collected from the entry designated ''SSRYRA.'' Diagnostic nucleotides, which differ from the nucleotides in the consensus sequence of CHR-1 type I, are highlighted. The duplicated region of the CHRS-S family is boxed by bold lines and is indicated by long arrows. Putative direct repeats of each sequence are underlined, and identical nucleotides are indicated with bold letters. similarities, it seems possible that the region that resembles tRNA Arg in the PRE-1 family was inserted into the CHRS-S family to generate the PRE-1 family. The presence of direct repeats (nucleotides from position 16 to position 24 and the 9 nt [GCTCAGTGG] before position 25) in the flanking region of the tRNA Arg -related region of the PRE-1 family strongly support this hypothesis. Therefore, the PRE-1 family seems to have been generated from the CHRS-S family by three successive events: insertion of a tRNA Arg -related sequence between positions 24 and 25, insertion of 19 nt between positions 40 and 41, and the duplication of the sequence from position 28 to position 55, which occurred after insertion of 19 nt ( fig. 6 ). Although we do not know whether the tRNA Arg -related region in PRE-1 originated from the gene for the tRNA or was generated from tRNA Arg by retroposition, the presence of the direct repeats (see above) that flank the tRNA Arg -related region and the fact that the 5Ј terminus of the tRNA Arg sequence is truncated suggest that retroposition is the most likely scenario. Dot blot hybridization showed that the CHRS-S family and the PRE-1 family are both present only in the genomes of pigs and peccaries (see below; fig. 7g and h). Insertion of the tRNA Arg -related region might have occurred in a common ancestor of these species.
The Distribution of the Various Families of SINEs in
Cetaceans and Artiodactyls Figure 7 shows the results of dot blot hybridization experiments with 10 different probes specific to particular families of SINEs. The three subfamilies of CHR-1, namely type I, type II, and type III, were all found in the genomes of cetaceans, hippopotamuses, and ruminants, but not in those of pigs and camels ( fig. 7a-c) . The CHR-2 family was also found to be distributed among these same species ( fig. 7d) , supporting the pos-FIG. 5.-Alignment of representative sequences of the CHR-1 type I, CHRS, CHRS-S, and PRE-1 families in comparison with CHR-1 type I. Dots indicate nucleotides that are identical to those in the consensus sequence. Gaps were introduced to improve the alignment. Six sequences of members of the PRE-1 family were chosen from the EMBL database; the tRNA-unrelated region of three of these sequences is not a duplicated version. The names are derived from the respective designations in the database. The tRNA Arg -related region of the PRE-1 family is indicated by an arrow (Takahashi, Awata, and Yasue 1992) . Internal direct repeats (gctcagtgg) in the PRE-1 family are boxed. Duplicated sequences in the PRE-1 family are hatched, and diagnostic nucleotides are highlighted.
sibility that these (sub)families were generated successively in a common ancestor. This distribution of these two families of SINEs suggests that cetaceans might be more closely related to ruminants than to pigs or camels (Shimamura et al. 1997) . Assuming that the size of the haploid genome of each species analyzed is 3 ϫ 10 9 bp and comparing the intensity of signal of each (sub)family from a to j in the genome (lanes 1-14) with that of a clone that contained one member of SINE as the respective standard (lanes 15-24) in figure 7 , we estimated the number of copies of these families of SINEs in the sperm whale as follows: CHR-1 type I, 1.5 ϫ 10 4 ; CHR-1 type II, 2 ϫ 10 4 ; CHR-1 type III, 2 ϫ 10 4 ; and CHR-2, 2 ϫ 10 5 . The number of copies of CHR-1 type II was estimated by the subtraction of that of CHR-1 type III ( fig. 7c ) from that of CHR-1 types II and III ( fig. 7b) .
In contrast, the number of copies of the CHRS-S family in the pig genome was estimated to be 2 ϫ 10 5 , which corresponds to one-tenth to one-fifth that of the PRE-1 family (Takahashi, Awata, and Yasue 1992; fig. 7h ). To examine the distribution of Bov-tA, Bov-A, Bov-A2, the Bov-B LINE, and the PRE-1 family, we analyzed species chosen from eight families in the order Artiodactyla and five families in the order Cetacea (table  1 and fig. 7e and h-j) . The numbers of copies per cow genome of these families of SINEs or LINEs that we calculated were as follows: Bov-tA, 5 ϫ 10 4 ; Bov-tA, Bov-A, and Bov-A2, 2 ϫ 10 5 ; Bov-B LINE, 3 ϫ 10 5 ; and PRE-1, 1 ϫ 10 6 . The numbers of copies of Bov-tA and the Bov-B LINE are different from estimates reported by Lenstra et al. (1993) . In our hybridization experiments, it was difficult to distinguish between CHR-1 type I and CHRS because of the accumulation of mutations ( fig. 7a and f) . However, we were able to estimate that the numbers of copies of the CHRS family in the genomes of the pigs and the peccaries were about 1 ϫ 10 2 in both cases. In sperm whales, the number of copies was calculated to be less than 2 ϫ 10 3 even when the intensity of the dot in the experiment was taken to represent sequences of the CHRS family exclusively ( fig. 7f) .
The Presence of a Huge Superfamily of tRNA GluDerived Families of SINEs in Cetaceans and Artiodactyls
As described in the previous section, an analysis of the distribution of diagnostic nucleotides, together with the distribution of (sub)families of SINEs among species of cetaceans and artiodactyls, allows us to infer the genealogy of (sub)families of SINEs such as CHR-1 (types I-III), CHR-2, CHRS, and CHRS-S (S1 and S2), as well The homology between the Bov-B LINE, Bov-A2, and Bov-tA was previously reported (Lenstra et al. 1993; . The bars of different lengths below the families indicate the positions of probes used for dot hybridization (see fig. 7 ). The duplicated sequence and direct repeats in the PRE-1 family are indicated by a long arrow and an arrowhead, respectively.
as the phylogenetic relationships among species in which these families of SINEs are distributed.
During the evolution of cetaceans and artiodactyls, the camel lineage diverged first (Nikaido, Rooney, and Okada 1999) . Subsequently, the CHRS family, the tRNA-related region of which is almost identical to tRNA Glu , was created in a common ancestor of the lineages of cetaceans, hippopotamuses, ruminants, and suiforms. Then, two distinct lineages of SINEs diverged from CHRS ( fig. 8 ) in accordance with the divergence of species. In one lineage, the CHR-1 and CHR-2 families were created in a common ancestor of cetaceans, hippopotamuses, and ruminants, with alterations in the tRNA-unrelated regions. Namely, a minisatellite sequence in the tRNA-unrelated region was duplicated in the case of CHR-1 type III and CHR-2 (figs. 3 and 6). Then, Bov-tA was generated in a common ancestor of ruminants by recombination of Bov-A and CHR-2. It was previously suggested that Bov-A might have been generated by the deletion of a central region of the Bov-B LINE. Then, Bov-A2 would have been generated by duplication of Bov-A, and Bov-tA would have been generated by recombination between the tRNA-related sequence and Bov-A fig 6) . In the present study, we demonstrated that the tRNArelated region of Bov-tA was derived from CHR-2. Therefore, in the genealogy of families of SINEs in cetaceans and artiodactyls, the Bov-tA family of SINEs can be considered a descendant generated by the meeting of two lineages of retroposons, with one lineage originating from a tRNA Glu -derived SINE and the other originating from the Bov-B LINE (fig. 6) .
The other lineage that originated from the CHRS family involves families of SINEs in pigs and peccaries (figs. 7f-h, 8, and 9). The CHRS-S family is closely related to the CHRS family, but it is clearly distinct from the CHR-1 family (fig. 4) . It is evident that the PRE-1 family originated from the CHRS-S family ( fig. 5 ). To date, Bov-tA and PRE-1 have been considered different families of tRNA-derived SINEs that were generated independently (Singer, Parent, and Ehrlich 1987; Takahashi, Awata, and Yasue 1992; Lenstra et al. 1993) . Our genealogical study revealed that these two families are relatives and originated from a common ancestral family of SINEs, namely the CHRS family ( fig. 8) .
The CHRS family was first created in a common ancestor of cetaceans, hippopotamuses, ruminants, and suiforms. However, it is unknown how the first premordial SINE of the CHRS family was created. A ''strongstop'' DNA model was previously proposed to explain the generation of tRNA Lys -related SINEs in several distantly related groups of animals, such as the mouse, the tortoise, the salmon, and the squid . This model was proposed to explain the presence of the CCA sequence at the ends of the tRNA-related regions of these SINEs. Since the CCA sequence appears not to be present in this region of the CHRS family, it is possible that a pseudogene for tRNA Glu was the source of this tRNA-derived family of SINEs.
Comparison of Distributions of Families of SINEs and Inference of Phylogenetic Relationships Among Cetaceans and Artiodactyls
The distribution of a particular family of SINEs, as detected by dot hybridization among species of artiodactyls and cetaceans, allows us to deduce the following phylogenetic relationships. Camels seem to have diverged first among artiodactyls, since genomes of camels do not include the CHRS family. We recently obtained other conclusive evidence for the same phylogenetic tree with ARE-1 (Alexander et al. 1995; Buntjer, Hoff, and Lenstra 1997) , which was used as a marker in SINE insertion analysis (Nikaido, Rooney, and Okada 1999; Shedlock and Okada 1999) . Then, two lineages diverged, one that included ruminants, hippopotamuses, and cetaceans and one that included suiforms but excluded hippopotamuses. The former lineage contains CHR-1 and CHR-2, whereas the latter contains CHRS-S and PRE-1. Ruminants, including the chevrotain, are monophyletic because they have Bov-A2, Bov-tA, and the Bov-B LINE in common. Figure 9 shows a proposed phylogenetic tree of artiodactyls and cetaceans that was deduced from the distribution of several families of SINEs.
Previous paleontological, morphological, and molecular studies suggested a phylogenetic relationship between the order Artiodactyla and the order Cetacea (Gingerich, Smith, and Simons 1990; Milinkovitch, Orti, and Meyer 1993; Thewissen and Hussain 1993) . Results of more recent molecular phylogenetic analyses challenged the monophyly of the order Artiodactyla, suggesting that the order Cetacea should be embedded within the order Artiodactyla (Graur and Higgins 1994; Irwin and Arnason 1994; Gatesy et al. 1996; Smith et al. 1996 , Shimamura et al. 1997 . Conclusions deduced from the distribution of CHR-1 and CHR-2 are consistent with this hypothesis, as described above. Furthermore, we recently obtained conclusive evidence by SINE insertion analysis that cetaceans, ruminants, and hippopotamuses form a monophyletic group (Shimamura et al. 1997) . Moreover, Gatesy et al. (1996) reached the same conclusion after an analysis of nuclear genes for milk casein. These phylogenetic relationships have not been supported by paleontological and morphological data (Thewissen 1994) . It is likely that in future, interpretations of the fossil record and extensive morphological reversals and convergences, as well as large gaps, will have to be acknowledged.
